The electroluminescence ͑EL͒ and photocurrent ͑PC͒ spectra of p-i-n structures containing In x Ga 1Ϫx As/GaAs self-assembled quantum dots ͑QD's͒ are studied from 10 to 290 K. Comparison between the EL and PC shows a Stokes Shift, i.e., the QD emission is redshifted with respect to the QD absorption in PC. The magnitude of the Stokes Shift depends on the temperature and on the extent of the dot energy dispersion, as measured by the QD absorption linewidth in different samples. The origin of the Stokes shift is discussed in terms of carrier thermalization effects by analogy with carrier distribution in disordered quantum wells.
I. INTRODUCTION
Since the first investigation of self-assembled quantum dots ͑QD's͒, there has been a great deal of interest in the physics of these systems and in potential applications, such as the quantum dot laser. 1 Despite years of intensive research, there are still several problems hindering the exploitation of the zero-dimensional properties of the dots. These include the control of the uniformity and ordering of the dots as well as the realization of a ''pure'' zero-dimensional structure. In particular, of prime importance is the question of whether the dots are uncoupled or coupled in the growth plane. Alternatively, can the dots be best described as localization centers in the potential profile of the two-dimensional wetting layer that forms beneath them? There is currently no clear answer to this question. Several experiments have demonstrated the zero-dimensional nature of carrier confinement in the dots; [2] [3] [4] [5] on the other hand, similarities with disordered quantum wells ͑QW's͒ can be found. Luminescence experiments with local-probe techniques have provided evidence of localized excitons in quantum wells with an atomlike density of states. Carrier localization occurs in the local energy minima of the fluctuating QW potential due to the interfacial and compositional disorder. [6] [7] [8] [9] [10] [11] In this paper, we present a systematic study of carrier redistribution in In x Ga 1Ϫx As/GaAs QD's by comparison of electroluminescence ͑EL͒ and photocurrent ͑PC͒ measurements. Despite previous work dealing with the emission and absorption spectroscopy in QD's, 1 little attention has been devoted to a comparison of the two types of measurement. 12, 13 We show the existence of a redshift of the QD emission in EL with respect to the QD absorption in PC, referred to as the Stokes shift, SS. SS depends on the linewidth of the QD absorption spectrum and on temperature. The data are explained in terms of a thermal redistribution of carriers between dots by analogy with carrier thermalization in disordered quantum wells. [14] [15] [16] [17] 
II. EXPERIMENT
The samples are p-i-n structures grown by molecular beam epitaxy on n ϩ GaAs substrates. The growth scheme is the following: a 0.7-m-thick n ϩ -doped GaAs buffer layer (n ϩ :4ϫ10 18 cm
Ϫ3
) followed by a 0.1-m-thick n-doped GaAs (n:4ϫ10 16 cm Ϫ3 ); an undoped, intrinsic region ͑i͒, which consists, respectively, of a 0.1-m-thick GaAs layer, an In x Ga 1Ϫx As layer, and a 60-nm-thick GaAs layer; finally, the growth is completed by a 0.5-m-thick p ϩ -doped GaAs layer (p ϩ :2ϫ10 18 cm Ϫ3 ). The structures were grown at 600°C except for the In x Ga 1Ϫx As layer and the overgrown GaAs cap layer, which were both grown at 450 or 500°C to avoid In segregation and desorption effects. Several structures were examined, varying in the In content of the In x Ga 1Ϫx As ͑xϭ0.5 and 1͒, in the In x Ga 1Ϫx As layer thickness L or in the GaAs substrate orientation ͓(311)B or ͑100͔͒. L is equal to 1.3, 1.8, or 2 monolayers ͑ML͒ for x ϭ1 and equal to 1.1 or 1.4 nm for xϭ0.5. The variety of growth conditions allows us to study both wetting layer ͑WL͒ ͑xϭ1 and Lϭ1.3 ML͒ and QD structures ͑Lϭ1.8 or 2 ML for xϭ1, and Lϭ1.1 or 1.4 nm for xϭ0.5͒ with correspondingly different carrier-confining potentials and morphologies. The dot formation was controlled in situ by monitoring the reflection high-energy electron-diffraction pattern. The dot morphology was studied by atomic force microscopy on samples having a similar growth scheme but with the growth terminated after the In x Ga 1Ϫx As layer. 18 The dots have a density of ϳ10 11 cm
Ϫ2
, a mean diameter of ϳ20-30 nm, and a mean height of ϳ1-2 nm. The p-i-n structures were processed into circular mesas, 200 m in diameter. A ring-shaped electrical contact was fabricated on top of the mesa to permit optical access to the sample. This type of structure allows us to compare the emission ͑EL͒ and the absorption ͑PC͒ of the same device, thus avoiding any problems of nonhomogeneity. In particular, the PC technique provides a sensitive tool for probing the absorption of a single QD layer, which is too weak to be detected in a transmission measurement. The EL was dispersed by a Vϭ0 or Ϫ1 V. In this voltage range, the PC spectra are almost independent of the bias conditions. Figure 1 shows the EL and PC spectra at room temperature (Tϭ290 K) for In 0.5 Ga 0.5 As/GaAs quantum dots grown on a ͑100͒ GaAs substrate with Lϭ1.1 nm. The EL spectrum shows a band around 1.27 eV due to electron-hole pair recombination from the ground state of the dots. A similar band is observed in the PC spectrum, but shifted to higher energy with respect to the EL and attributed to the fundamental dot absorption. Finally, on the high-energy side of the PC spectrum ͑see the inset of Fig. 1͒ we observe two more features. They are due to absorption of the In 0.5 Ga 0.5 As wetting layer ͑WL͒ and the intrinsic absorption edge of the GaAs matrix. The unambiguous assignment of these resonances follows from a comparison of the PC spectra of p-i-n structures with and without the In x Ga 1Ϫx As layer.
III. RESULTS AND DISCUSSION
Of particular interest is the large energy shift ͑ϳ 20 meV͒ between the QD EL spectrum and the QD fundamental absorption in PC, referred to as the Stokes shift. A similar observation has been previously reported by comparison of photoluminescence ͑PL͒ and PC ͑Ref. 12͒ or photovoltage 13 measurements at room temperature, and tentatively explained in terms of a preferential tunneling of carriers out of the dots from the higher energy states, which results in a blueshift of the QD PC with respect to the absorption and PL of the dots. 12 However, recent PC measurements in QD structures showed that the above effect is relevant only at low temperatures ͑Ͻ 150 K͒ and that even for these cases the energy deviation of the PC from the absorption is small ͑Ͻ 8 meV͒. 19 In light of these considerations, we propose that a different mechanism is responsible for the observed large SS.
By analogy with the optical properties of QW systems, [14] [15] [16] [17] we propose that the SS may indicate a thermalization of carriers within the energy state distribution of the dots. In conventional QW's, interface and compositional disorder generates a fluctuating QW potential that leads to an inhomogeneous broadening of the spectral lines. Carrier redistribution between the states of the QW depends on temperature.
14 Carriers are assumed to be in thermal equilibrium, with a Boltzmann distribution characterized by an effective carrier temperature T c . Then the emission spectrum ͑L͒ is related to the absorption spectrum ␣ by the relation 14 L͑h ͒ϳ␣͑ h ͒e
where h is the photon energy and k B T c is the carrier thermal energy. By considering a Gaussian profile for the exci- where W is the full width at half maximum of ␣ o (h). We applied the above model to the data at room temperature from our QD samples. In this case carrier transfer between the dots occurs through carrier diffusion in the wetting layer ͑WL͒ and in the GaAs barriers. Carriers thermally escape from the dots to the delocalized states of the WL and GaAs matrix. [20] [21] [22] [23] [24] Subsequently, they redistribute in the growth plane according to the Boltzmann distribution by diffusing from the high-energy to the low-energy dot states. This results in a Stokes shift of the emission of the dots with respect to their fundamental absorption in PC. We simulated the QD absorption ␣(h) by the curve L(h)e h/k B T , where L(h) is the emission spectrum measured by EL, and we assumed that carriers obey Boltzmann statistics at the lattice temperature Tϭ290 K. As shown by the dotted line in Fig.  1 , this curve has a similar line shape to the PC spectrum in the region of the fundamental absorption of the dots.
The above discussion implies that the SS is related to the degree of carrier thermalization, as measured by the ratio between the carrier thermal energy (k B T c ) and the inhomogeneous broadening of the QD absorption band W. We measured the SS for samples with different W. In order to define SS, first we studied the dependence of the QD EL spectra on the number of injected carriers, as measured by the current through the device. For each sample in the investigated current range of 1-10 to 100 mA, the peak energy position of the QD EL band is almost independent of the excitation conditions. This makes the value of SS a well-defined quantity at room temperature. As shown in Fig. 2 for samples with different W, SS and W are strongly correlated; larger W means larger SS. The same correlation also holds for structures containing a disordered QW, in our case an InAs WL ͑i.e., no dots͒, and for self-assembled [12] [13] 25 or colloidal 26 quantum dots reported in the literature by other groups. The values of the SS for two WL samples and those reported in the literature for In x Ga 1Ϫx As QD's are plotted in Fig. 2 . The SS increases with W in good agreement with the relation SS ϭ0.18W 2 /k B T c predicted by the thermalization model ͑see the dotted line in Fig. 2͒ . The smallest values of the SS are found in systems with the narrowest PL linewidth. In particular, SS tends to zero for W→0, as expected in the limit of perfectly homogeneous QW or in the case of an ensemble of identical dots.
In order to reveal the degree of carrier thermalization at different temperatures, we studied the temperature dependence of the SS. When we lower the temperature from 290 to 10 K, we continue to observe a finite SS in all samples. In particular, in the regime of low temperature ͑Ͻ 200 K͒, the peak energy position of the QD EL band, and hence the magnitude of the SS, depends strongly on the number of injected carriers.
Figures 3͑a͒ and 3͑b͒ show the 10 K EL and PC spectra of In 0.5 Ga 0.5 As QD's and InAs QD's, respectively. In both samples, the EL spectra, recorded at different currents I, are redshifted with respect to the PC. In particular, the SS decreases with increasing I. Similar effects are observed by considering the QD photoluminescence spectra monitored as a function of the optical excitation power. These data indicate that for small carrier densities, carriers preferentially relax to the lowest dot energy states. Then, as the carrier density increases further, carriers redistribute in the growth plane and spread over the full QD density of states, thus resulting in a blueshift of the luminescence spectra and a decreasing value of SS. Figure 4 shows the current dependence of SS at different temperatures for the sample of Fig. 3͑a͒ . The data show that SS depends on the excitation conditions used for the EL measurements for TϽ200 K and that SS increases with decreasing T. The temperature dependence of the SS under different currents is shown in the inset of Fig. 4 and compared with that expected by the theoretical curve SSϭ0.18W 2 /k B T c , with T c ϭT and a constant value for W. This comparison shows a deviation of the data from the model in the temperature range 10-150 K.
The increasing value of SS with decreasing T is in qualitative agreement with the thermalization model, but represents a surprising result for a QD system. With decreasing T, the thermal coupling between the dots becomes weaker. [21] [22] [23] [24] The subsequent suppression of carrier hopping between adjacent dots should prevent carrier redistribution, leading to an approximately random population of the dot levels across the full QD spectrum and a vanishing SS. The observation of a Stokes shift at low lattice temperature indicates that carriers are not randomly distributed and that a partial thermalization occurs. This may occur through tunneling between neighboring dots. 27 Alternatively, the wetting layer could still represent an efficient channel for the interdot carrier transfer at low temperature. In fact, an efficient energy exchange between the dots and the wetting layer can always occur by Auger like mechanisms. [28] [29] [30] A quantitative determination of the SS at low lattice temperature is not straightforward. This is in general true also for highly disordered QW's, where the SS is strongly controlled by the competition between carrier diffusion in the growth plane and the recombination of carriers. 16, 17 In particular, due to the high disorder present in QD systems, it seems likely that only a partial thermalization can occur. Also a model for the SS at low T should include a description of band filling mechanisms, which are responsible for the observed dependence of the SS on carrier density ͑see Fig.  4͒ . As the carrier density increases, the lowest dot energy states are saturated and the carrier population spreads over a larger range of the QD density of states, thus resulting in a decreasing value of SS. This behavior is not observed in the regime of high T, in which the EL spectrum shifts in energy closer to the maximum absorption of the dots and the importance of band filling mechanisms becomes smaller.
The efficiency of the interdot carrier transfer depends on the dot properties. It is larger in samples with a high dot density and/or with a shallow dot confining potential. 24 In our structures the distance between nearest neighbor dots is small ͑ϳ30 nm corresponding to a dot density of ϳ10 11 cm Ϫ2 ͒, the dot energy levels are shallow ͑the carrier confinement energies are ϳ 100 meV͒, 31 and a wetting layer always forms beneath the dots, representing an efficient channel for the interdot carrier transfer. Of course, because of the large variety of QD structures reported in the literature, a general picture for carrier thermalization within an ensemble of disordered QD's requires a detailed consideration of the dot morphology.
IV. CONCLUSIONS
We studied the EL and PC spectra of p-i-n structures containing In x Ga 1Ϫx As/GaAs QD's. A comparison between EL and PC spectra at low and room temperature shows that the QD emission is redshifted with respect to the QD absorption. The resulting Stokes shift of the QD emission indicates a carrier thermalization in the growth plane. At room temperature, the SS is related to the degree of carrier thermalization, as measured by the ratio between the carrier thermal energy and the inhomogeneous broadening of the QD absorption band, and is well described by analogy with the carrier thermalization in disordered QW's.
14 At low temperature the observation of a nonvanishing Stokes shift and of a strong dependence of the QD luminescence spectra on carrier density indicates the persistence of a strong coupling between neighboring dots.
